on behalf of the CREDO-Kyoto PCI/CABG Registry Cohort-2, RESET, and NEXT Investigators* Background--Association of baseline hemoglobin levels with long-term adverse events after percutaneous coronary interventions has not been yet thoroughly defined. We aimed to assess the clinical impact of baseline hemoglobin on long-term ischemic and bleeding risk after percutaneous coronary intervention.
A nemia is highly prevalent in patients with cardiovascular diseases. [1] [2] [3] Among patients undergoing percutaneous coronary interventions (PCIs), preexisting anemia is known to correlate with a higher risk of short-and longterm mortality, 4, 5 major adverse cardiovascular events, 6 and major in-hospital bleeding complications. 7, 8 To date, most studies have used the conventional World Health Organization (WHO) thresholds of anemia (<13.0 g/dL for men and <12.0 g/dL for women) 7, 9 ; however, as the WHO definition of anemia encompasses a wide range of hemoglobin values, the severity of anemia (ie, mild, moderate, or severe) should be taken into consideration for the precise risk estimation. In addition, the threshold hemoglobin value correlating with the increased ischemic and/or bleeding risk after PCI could be higher than the WHO criteria of anemia; the different levels of baseline hemoglobin value, even among patients without anemia, might influence on the long-term ischemic and bleeding outcome. Hence, this study aims to comprehensively assess the clinical impact of the levels of baseline hemoglobin on long-term ischemic and bleeding risk after PCI.
Methods
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
Using the pooled individual patient-level data, we constructed a pooled database of 3 Japanese PCI studies, which were conducted after the introduction of a drug-eluting stent (DES): CREDO-Kyoto (Coronary Revascularization Demonstrating Outcome Study in Kyoto) PCI/CABG (Coronary Artery Bypass Grafting) Registry Cohort-2, 10 RESET (Randomized Evaluation of Sirolimus-Eluting Versus Everolimus-Eluting Stent Trial), 11 and NEXT (NOBORI Biolimus-Eluting Versus XIENCE/PROMUS Everolimus-Eluting Stent Trial) 12 (Figure 1 ). The design and major results of all studies have been described previously. [10] [11] [12] CREDO-Kyoto enrolled consecutive patients undergoing first PCI or CABG during the study period. In RESET and NEXT, patients scheduled for PCI with DES were to be enrolled without any exclusion criteria. Therefore, there were no exclusion criteria relevant to the current topic. The relevant review boards at all participating centers for each study approved each research protocol for the 3 studies. Because of retrospective enrollment, the requirement for written informed consent from patients was waived in the CREDO-Kyoto PCI/CABG Registry Cohort-2; however, we excluded those patients who refused participation in the study when contacted for follow-up. Written informed consent was obtained from all study patients in RESET and NEXT. Among 19 489 patients undergoing PCI enrolled in all 3 studies combined, the present study population included 19 288 patients from 122 Japanese PCI centers, after excluding 201 patients whose baseline hemoglobin value was unavailable ( Figure 1 ). The follow-up durations were 5 years in the CREDO-Kyoto PCI/CABG Registry Cohort-2 and 3 years in the RESET and NEXT. In this study, the follow-up was censored at 3 years to standardize the follow-up duration across 3 studies.
We attained procedural anticoagulation with unfractionated heparin following the local site protocols. Of note, neither glycoprotein IIb/IIIa inhibitor nor bivalirudin was used in any patient. The recommended antiplatelet regimen comprised aspirin (≥81 mg/d) indefinitely and thienopyridines (75 mg of clopidogrel or 200 mg of ticlopidine daily) for ≥3 months for DESs and ≥1 month for bare-metal stents. However, the actual duration of dual-antiplatelet therapy (DAPT) was left to the discretion of each attending physician. Likewise, duration of triple antithrombotic therapy of DAPT and warfarin was left to the discretion of each attending physician. The status of antiplatelet therapy was assessed throughout the follow-up period using the same method across all 3 studies. We
Clinical Perspective
What Is New?
• One third of patients undergoing percutaneous coronary intervention had anemia, as defined per the World Health Organization criteria. • Moderate/severe anemia (hemoglobin <10.9 g/dL) was associated with a markedly higher risk for long-term ischemic and bleeding events, as well as mortality. • Even mild anemia (hemoglobin 11.0-12.9 g/dL for men and 11.0-11.9 g/dL for women) and low-normal hemoglobin (hemoglobin 13.0-13.9 g/dL for men and 12.0-13.9 g/dL for women) correlated with significantly higher risk for ischemic stroke, serious bleeding events, such as GUSTO (Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Arteries Trial) moderate bleeding, and mortality compared with high-normal hemoglobin (hemoglobin ≥14.0 g/dL).
What Are the Clinical Implications?
• Given the excess bleeding and ischemic risk of even a small decline in hemoglobin at the threshold of 14 g/dL, we might as well pay attention to the preprocedural hemoglobin value as an indicator of long-term clinical outcomes in patients planned for percutaneous coronary intervention. • Future studies would be warranted to address the optimal antithrombotic therapy in patients with anemia who have both high ischemic and bleeding risk.
defined the discontinuation of DAPT as persistent, if either aspirin or thienopyridine was discontinued for ≥2 months. Anemia was defined by the standard WHO classification: no anemia (hemoglobin ≥13.0 g/dL for men and ≥12.0 g/dL for women); mild anemia (hemoglobin 11.0-12.9 g/dL for men and 11.0-11.9 g/dL for women); moderate anemia (hemoglobin 8.0-10.9 g/dL); and severe anemia (hemoglobin <8.0 g/dL). 9 Patients without anemia were further subdivided into 2 groups: high-normal hemoglobin (hemoglobin ≥14.0 g/ dL) and low-normal hemoglobin (hemoglobin 13.0-13.9 g/dL for men and 12.0-13.9 g/dL for women). The cutoff value of hemoglobin 14.0 g/dL was selected considering the distribution of hemoglobin value and ease for clinical application. We compared the baseline characteristics and clinical outcomes across the 4 groups, including the high-normal hemoglobin, low-normal hemoglobin, mild anemia, and moderate/severe anemia groups.
Definition of Clinical Outcome Measures
In this study, the primary ischemic outcome measure was a composite of myocardial infarction (MI) and ischemic stroke (fatal or nonfatal), whereas the primary bleeding outcome measure was GUSTO (Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries Trial) moderate/severe bleeding (severe, lifethreatening intracerebral bleeding or bleeding that caused substantial hemodynamic compromise needing treatment; and moderate, bleeding that needed transfusion). 13 The secondary outcome measures included all-cause death, cardiovascular death, noncardiovascular death, MI, definite stent thrombosis, stroke, ischemic stroke, hemorrhagic stroke, GUSTO severe bleeding, GUSTO moderate bleeding, gastrointestinal bleeding, intracranial bleeding, any coronary revascularization, and heart failure hospitalization. Intracranial bleeding included both hemorrhagic stroke and traumatic brain injury. Detailed definitions of the clinical events can be found in Data S1. An independent clinical event committee in each study adjudicated all the end point events.
Statistical Analysis
Categorical variables are expressed as number and percentage and compared across baseline hemoglobin groups using the v 2 test. Continuous variables are expressed as mean with SD or median with interquartile range and compared across baseline hemoglobin groups using the ANOVA or the Kruskal-Wallis test, depending on their distributions. We estimated the cumulative 3-year incidence with the Kaplan-Meier method and assessed the differences across baseline hemoglobin groups by the log-rank test. We also performed a landmark analysis at 30 days after index PCI. Surviving patients within 30 days were included for the analysis beyond 30 days. Using the multivariable Cox proportional hazard models, the risks of low-normal hemoglobin, mild anemia, and moderate/severe anemia relative to high-normal hemoglobin (reference) on the outcome measures were expressed as hazard ratios and their 95% CIs. We used a dummy code variable for low-normal hemoglobin, mild anemia, and moderate/severe anemia to assess the hazard ratios relative to high-normal hemoglobin. Corroborating our previous study, 14 we included 34 clinically relevant factors (Table 1) as the risk-adjusting variables and incorporated the centers and studies as the stratification variables in the multivariable Cox proportional hazard models. We also treated the 4 groups of anemic status as an ordinal variable and estimated the linear trend in the same multivariable Cox proportional hazard models. To determine the risks for hemorrhagic stroke and intracranial bleeding, we constructed parsimonious models with the clinically relevant 13 risk-adjusting variables (Table 1) because of a small number of patients with event. Proportional hazard assumptions for the risk-adjusting variables were assessed on the plots of log (time) versus log (Àlog [survival]), stratified by the variable and verified to be acceptable. We also conducted the subgroup analyses for the primary bleeding outcome measure. The same 34 risk-adjusting variables used in the entire cohort were included in the multivariable Cox proportional hazard models. For the subgroup analyses stratified by warfarin use, atrial fibrillation, shock, malignancy, and platelet count, we constructed parsimonious models with the same 13 risk-adjusting variables used in the parsimonious models in the entire cohort because of a small number of patients with outcome. Furthermore, we conducted a sensitivity analysis in which we combined highnormal hemoglobin group and low-normal hemoglobin group into one group (no anemia group), so that we could evaluate the risk of mild and moderate/severe anemia relative to no anemia, as defined per the conventional WHO criteria. We also performed another sensitivity analysis in which we divided the high-normal hemoglobin group further into very high hemoglobin group (hemoglobin ≥16 g/dL) and highnormal hemoglobin group (hemoglobin 14.0-15.9 g/dL) and evaluated the risk of very high hemoglobin, mild anemia, and moderate/severe anemia using high-normal hemoglobin group as the reference. All analyses of the Cox proportional hazard model with stratification were performed with SPSS, version 19 (IBM Corporation, Armonk, NY). All other analyses were performed with JMP, version 10.0, software (SAS Institute Inc, Cary, NC) and GraphPad Prism 6.05 (GraphPad Software, Inc, La Jolla, CA). In this study, all reported P values were 2 tailed, and we considered P<0.05 as statistically significant.
Results

Baseline Characteristics Based on the Levels of Hemoglobin
In the entire study population, the median baseline hemoglobin value measured on median 1 (interquartile range, 0-5) day before index PCI was 13.4 (interquartile range, 12.1-14.6) g/ dL. Overall, 6430 patients (33.3%) had anemia: mild (N=4117; 21.3%), moderate (N=2152; 11.2%), or severe (N=161; 0.8%). Among the remaining 12 858 patients without anemia, the median baseline value of hemoglobin was 14.2 g/dL; the baseline hemoglobin was ≥14 g/dL in 7555 patients. Accordingly, the study population consisted of the 4 groups: highnormal hemoglobin (≥14.0 g/dL) group: N=7555 (39.2%); low-normal hemoglobin (13.0-13.9 g/dL in men and 12.0-13.9 g/dL in women) group: N=5303 (27.5%); mild anemia (11.0-12.9 g/dL in men and 11.0-11.9 g/dL in women) group: N=4117 (21.3%); and moderate/severe anemia (<11.0 g/dL) group: N=2313 (12.0%) ( Figure 2 ).
The baseline patient characteristics were markedly different across the 4 groups. Overall, with decreasing hemoglobin value, incrementally higher proportion of patients had advanced age, lower body mass index, and comorbidities, including hypertension, diabetes mellitus, end-stage renal disease not on dialysis with an estimated glomerular filtration rate <30 mL/min per 1.73 m 2 , and malignancy. In addition, the proportions of patients with a history of heart failure, multivessel disease, reduced left ventricular ejection fraction, history of MI, stroke, peripheral vascular disease, and atrial fibrillation were incrementally higher with the increasing severity of anemia (Table 1) . Conversely, the proportion of patients who presented as having acute MI was higher in the high-normal group compared with that in the other 3 groups. For the lesion and procedural characteristics, the target lesion was more likely to be right coronary artery lesion, restenotic lesion, aortic ostial lesion, and bifurcation lesion with increasing severity of anemia. In addition, the prevalence of cilostazol use was higher in the high-normal group than in the other 3 groups, whereas the prevalence of statin use was higher in the high-and low-normal groups compared with the mild and moderate/severe anemia groups. In all 4 groups, <10% of patients received warfarin, with no significant difference across the groups. Furthermore, the prevalence of calcium channel blockers, nitrates, and histamine-2 receptor blocker or proton-pump inhibitor use was incrementally higher with the increasing severity of anemia (Table 1) . persistent discontinuation of DAPT through 3-year follow-up was only slightly, but significantly different across the 4 groups ( Figure S1 ). Median (interquartile range) duration of DAPT was 571 (67-1095) days, 674 (91-1095) days, 630 (106-1095) days, and 439 (45-1095) days in the high-normal hemoglobin, low-normal hemoglobin, mild anemia, and moderate/severe anemia groups, respectively (P<0.001).
The cumulative 3-year incidence of the primary ischemic outcome measure (a composite of MI and ischemic stroke) was incrementally higher with decreasing baseline hemoglobin ( Figure 3A ). After adjusting for confounders, the excess risk of the moderate/severe anemia group relative to the high-normal hemoglobin group remained significant for the primary ischemic outcome measure, whereas it was no longer significant in the low-normal hemoglobin and mild anemia groups ( Table 2 and Figure 4 ). However, the adjusted risk for ischemic stroke was significantly higher in the low-normal hemoglobin, mild anemia, and moderate/severe anemia groups than in the high-normal hemoglobin group, whereas decreasing baseline hemoglobin did not affect the risk for MI (Table S1 ).
Long-Term Bleeding Outcomes Based on the Levels of Hemoglobin
The cumulative 3-year incidence of the primary bleeding outcome measure was incrementally higher with decreasing baseline hemoglobin ( Figure 3B ). After adjusting for confounders, the excess risk of the low-normal hemoglobin, mild anemia, and moderate/severe anemia groups relative to the high-normal hemoglobin group remained highly significant for the primary bleeding outcome measure and GUSTO moderate bleeding (Table 2, Figure 4 , and Table S1 ). The moderate/ severe anemia group was also associated with significant excess risk for intracranial bleeding (Table S1 ). By the landmark analysis at 30 days after index PCI, the cumulative 3-year incidence of the primary bleeding outcome measure was incrementally higher, with decreasing baseline hemoglobin both within and beyond 30 days ( Figure S2A ). Adjusted excess risk of the mild and moderate/severe anemia groups relative to the high-normal hemoglobin group for the primary bleeding outcome measure remained significant both within and beyond 30 days, whereas the risk of the low-normal hemoglobin group was significant within 30 days, but it was no longer significant beyond 30 days ( Figure S2B ).
For the relationship between bleeding events and DAPT status, 68% (952 events) of the primary bleeding events occurred while under DAPT. The proportion of primary bleeding events while under DAPT to all primary bleeding events was incrementally higher with the decreasing baseline hemoglobin ( Figure S3A ). The proportion of primary bleeding events that needed blood transfusion and distribution of bleeding sources was not significantly different across the 4 groups ( Figure S3B and S3C).
Long-Term Mortality Based on the Levels of Hemoglobin
The cumulative 3-year incidence of all-cause death was also incrementally higher with decreasing baseline hemoglobin. After adjusting confounders, the excess risk of the low-normal hemoglobin, mild anemia, and moderate/severe anemia groups relative to the high-normal hemoglobin group remained significant for all-cause death, driven by the excess risk for both cardiovascular and noncardiovascular death (Table S1 ).
Subgroup Analysis
There was significant interaction between those subgroup factors, such as sex, shock, renal function, and atrial fibrillation, and the effect of hemoglobin levels on the primary bleeding outcome measure. The effect of decreasing baseline hemoglobin on the primary bleeding outcome measure was more prominent in men, patients without shock, patients with estimated glomerular filtration rate ≥60 mL/min per 1.73 m 2 , and patients without atrial fibrillation. There was no interaction in other subgroups, such as age, body mass index, malignancy, platelet counts, use of histamine-2 receptor blocker or proton-pump inhibitor, DAPT score, and use of DES ( Figure 5 ). Of note, despite difference in baseline clinical and procedural characteristic between CREDO-Kyoto PCI/CABG Registry Cohort-2 and RESET/NEXT (Table S2) , there was no significant interaction between the study and the effect of hemoglobin levels on the primary bleeding outcome measure ( Figure 5 ).
Sensitivity Analysis
In the sensitivity analysis with 3 groups (ie, no anemia [combination of high-normal and low-normal hemoglobin], mild anemia, and moderate/severe anemia), adjusted excess risk of moderate/severe anemia relative to no anemia remained significant for both the primary ischemic and bleeding outcome measures, whereas the risk of mild anemia relative to no anemia remained significant for the primary bleeding outcome measure, but not for the primary ischemic outcome measure (Table S3 ). In the sensitivity analysis with 5 groups (ie, very high hemoglobin, high-normal hemoglobin, low-normal hemoglobin, mild anemia, and moderate/severe anemia), adjusted excess risk of moderate/severe anemia relative to high-normal hemoglobin remained significant for both the primary ischemic and the bleeding outcome measures, whereas the risk of mild anemia and low-normal hemoglobin relative to high-normal hemoglobin remained significant for the primary bleeding outcome measure, but not for the primary ischemic outcome measure (Table S4 ). Adjusted excess risk of very high hemoglobin relative to high-normal hemoglobin was not significant for both the primary ischemic outcome measure and the primary bleeding outcome measure (Table S4 ).
Discussion
The primary findings in this study are as follows: (1) Corroborating the prior studies of patients undergoing PCI, 15 the incidence of anemia in this study was 33%, which is considerably higher than that reported in patients in a primary care setting, 16 possibly reflecting the higher prevalence of comorbidities predisposing to anemia in patients with coronary artery disease. Indeed, we observed that patients with lower hemoglobin correlated with more advanced age, lower body mass index, history of heart failure, and more severe comorbidities, including diabetes mellitus, reduced renal dysfunction, peripheral vascular disease, and history of malignancy.
Consistent with previous studies, 7, 8 this study demonstrated a robust and strong correlation between the baseline hemoglobin levels and the subsequent bleeding outcome. Even a mild degree of anemia was associated with marked excess risk for major bleeding compared with high-normal hemoglobin. Most strikingly, even among patients without anemia, the lower level of baseline hemoglobin value was associated with higher long-term bleeding risk. The findings corroborated and expanded a previous report in patients with acute coronary syndromes, demonstrating that the 30-day rates of major bleeding progressively increase from the highest (>16 g/dL) to the lowest (10 g/dL) levels of baseline hemoglobin. 17 In patients with lower baseline hemoglobin levels, even a small decrease in hemoglobin might lead to transfusion at an earlier stage, which might result in increased bleeding events. Indeed, the incidence of GUSTO moderate bleeding (bleeding that needs transfusion) was incrementally higher with the increasing severity of anemia in this study. In addition, preprocedural anemia could result from the presence of long-standing unrecognized hemorrhagic diathesis, which could result in an increased future risk for bleeding. Of note, the presence of a small decline in hemoglobin might often be regarded as "not severe" and dismissed. However, given the excess bleeding risk of even a small decline in hemoglobin at the threshold of 14 g/dL, we might as well pay attention to the low-normal hemoglobin value as an indicator of high bleeding risk in patients planned for PCI. Previous studies in the eras of bare-metal stent have shown that baseline anemia was associated with increased risk of in-hospital or short-term (<30 days) incidence of MI or recurrent ischemia. 5, 18, 19 More recent study, including 6528 patients treated with DES with 4-year follow-up, demonstrated that the patients with baseline severe anemia (5.5% of the entire cohort) were associated with increased risk of MI compared with no/mild anemia. 4 In the present study, moderate/severe anemia was associated with excess risk for the long-term ischemic outcome measure, but this was driven by higher incidence of ischemic stroke rather than MI. The discrepancy of the results might be caused by the different categorization of severity of anemia. We combined moderate anemia group and severe anemia group into one group because proportion of patients with severe anemia in our study was small (<1%). Rather, our study more focused on the patients with mild anemia or without anemia. We observed that even mild anemia and low-normal hemoglobin were associated with significant excess risk relative to highnormal hemoglobin for the ischemic stroke. Several underlying mechanisms are plausible. As the tissue oxygen supply is limited because of the reduced hemoglobin value, patients would be more susceptible to ischemic events. 20 Alternatively, patients with anemia might exhibit a hypercoagulable state, which could exacerbate the risk of ischemic events. 21 Furthermore, advanced age and comorbidities related to anemia might result in the higher incidence of ischemic events. High ischemic and bleeding events, along with anemia-related comorbidities, could likely underlie the correlations between low hemoglobin levels and mortality. Unlike some previous studies dominantly enrolling the patients with acute coronary syndrome and examining short-term outcomes, 15, 17, 19 those with hemoglobin >16 g/dL in the present study did not appear to be at significantly increased risk for the long-term bleeding and ischemic outcomes relative to those with hemoglobin 14.0 to 15.9 g/dL.
In this study, we found that the rate of persistent discontinuation of DAPT through 3-year follow-up was only slightly different across the 4 groups, suggesting that baseline severity of anemia might not be taken into consideration in the decision making for DAPT duration. We are confronted with a difficult situation in deciding the intensity of antithrombotic therapy of patients with anemia who have both high ischemic and bleeding risk. The current guidelines generally Figure 2 . Distribution of hemoglobin at the baseline. All patients were categorized into 4 groups: highnormal hemoglobin (≥14.0 g/dL), low-normal hemoglobin (13.0-13.9 g/dL for men 12.0-13.9 g/dL for women), mild anemia (hemoglobin 11.0-12.9 g/dL for men and 11.0-11.9 g/dL for women), and moderate/severe anemia (hemoglobin <10.9 g/dL). recommend less intensive antithrombotic therapy in patients with high bleeding risk. 22, 23 Future studies would be warranted to address the optimal antithrombotic therapy in patients with anemia.
Limitations
This study has several limitations. First, this study did not address the causes of anemia. In addition, anemia was mild and moderate/severe anemia groups relative to high-normal hemoglobin group for the primary ischemic and bleeding outcome measures. We included 34 clinically relevant factors indicated in Table 1 as the risk-adjusting variables and incorporated the centers and studies as the stratification variables in the multivariable Cox proportional hazard models. GUSTO indicates Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Arteries Trial; HR, hazard ratio. Figure 5 . continued. study does not provide the definite threshold of hemoglobin to stratify the long-term ischemic and bleeding events. Nevertheless, the patients with low-normal hemoglobin still face marked excess risk for bleeding and stroke compared with those with high-normal hemoglobin. Third, despite comprehensive statistical adjustment for potential confounders and a wide range of interaction tests, unmeasured confounders could still have affected the study results. Finally, several patients in this study underwent PCI using bare-metal stent, the first-generation DES, and older antiplatelet agents, which are less frequently used in the current practice. In addition, the duration of DAPT was considerably long in the current study because the importance of DAPT has been stressed in each study era, whereas the results of randomized clinical trials of DAPT duration after PCI have not been published. 24, 25 Thus, findings in this study should be cautiously applied to the current practice.
Conclusions
Decreasing baseline hemoglobin was associated with incrementally higher long-term risk for not only major bleeding, but also ischemic stroke and mortality after PCI. Even among patients without anemia, the lower level of baseline hemoglobin value was associated with higher long-term ischemic and bleeding risk. * For these outcomes, 13 variables listed in Table 1 were incorporated into the multivariable analysis as the parsimonious models.
Sources of Funding
Other than those, the outcomes were adjusted by 34 full-adjusting covariates listed in Table 1 .
CI, confidence interval; GUSTO, The Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary
Arteries; HF, heart failure; HR, hazard ratio. Data are expressed as number (%) of patients unless otherwise indicated.
DAPT, dual antiplatelet therapy; Hb, hemoglobin; H2B, histamine-2 receptor blocker; LAD, left anterior descending coronary artery;
PPI, proton-pump inhibitor. In this analysis, surviving patients with hemorrhagic events within 30 days were also included in the number at risk beyond 30 days. 
